Nanoparticles in air are of particular concern for public health and employee exposure in workplaces. Therefore, it is very important to prepare effective filters for their removal. In this work filters were prepared from nanocellulose, i.e. cellulose nanofibrils (CNF). CNF was produced using two methods giving two different qualities of CNF. One quality had negative charges on the fibril surfaces while the other was neutral, and had in addition thinner fibrils compared to the other qualities. Filter samples were produced from water dispersions of CNF, by removal of the water by freeze drying. The performance of the CNF based filters was assessed and compared with filters based on synthetic polymer fibres. The ability to collect NaCl particles with a broad size distribution, ranging from nanometer to micrometer scale, was determined. CNF filters showed quality values comparable with the synthetic polymer based filters. Filters based on both the two CNF qualities had very good filtration efficiency for a given pressure drop across the filter.
Introduction
Nanoparticles are particles with at least one dimension less than 100 nm. As the concentrations of airborne na-noparticles increase with the development of nanotechnology and other sources, concerns have arisen with respect to the potential negative impact on human health [1] [2] . Removal of such particles is thus of high importance. This can be done by filtration using effective filters. Filtration is one of the most commonly applied methods for aerosol sampling and air purification. Its application spreads across a wide range of disciplines, including respiratory protection, air purification of combustion effluents, processing of nuclear and hazardous materials, and clean rooms.
High performance filters are characterised by being able to collect particles of a broad size distribution. Large specific surface area of the fibres forming the filter is beneficial in this respect. At the same time, the air flow through the filter should not be hindered above a certain level, i.e. the pressure drop across the filter should be low. The procedures for testing and certifying air-purifying and particulate respirators in Europe are governed by European standards EN 143:2000 (Respiratory protective devices-Particle filters-Requirements, testing, marking). Nanocellulose is a group of isolated cellulosic materials with dimensions in the nanometer range, and comprises bacterial cellulose (BC), cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC or whiskers). CNF have many advantageous properties concerning aerosol filtration, such as the high strength and high specific surface area. These properties make them interesting for filtration purposes. Several procedures for preparation of CNF from cellulose pulp exist. The simplest method is to fibrillate the cellulose fibres, used as raw material, using only mechanical forces. In another procedure, TEMPO-mediated oxidation using sodium hypochlorite as oxidant catalyzed with TEMPO (2,2,6,6-tetramethylpiperidine-1-oxy) is done prior to fibrillation [3] . In this method, aldehyde and carboxyl groups are introduced on the surfaces of the cellulose fibrils. TEMPO mediated oxidation facilitates the separation of the nanofibrils. This results in a dispersion of individualized nanofibrils, with widths of typically 3.5 to 20 nm [4] and length estimated to be between 0.2 and 2.2 µm depending on oxidation and homogenization conditions [5] [6] .
One of the challenges in the preparation of filters from CNF is the removal of water from the produced CNF dispersion. The individual fibrils tend to aggregate during drying, and numerous hydrogen bonds are formed resulting in compact structures. Such aggregation must be avoided when preparing filters.
In the present work the potential of using CNF for filtration purposes is explored. The CNF based filters have been prepared and used for air particle filtration. Tests were carried out with laboratory generated NaCl particles.
Materials and Methods

Materials
Production and characterization of the samples of CNF have been reported elsewhere [7] and are only summarized here. A never-dried bleached market kraft pulp was used in this study. This was an "Eucalyptus pulp" composed of 70% "Eucalyptus nitens" and 30% "Eucalyptus globules". Two kinds of CNF were prepared and tested, with and without TEMPO mediated oxidation as pre-treatment [3] .
Methods
Filter Preparation
The fibrillation was done by homogenization using a Rannie homogenizer operated at 1000 bar pressure. The CNF samples were collected after five passes through the homogenizer.
Hereafter, the sample produced through mechanical homogenization will be referred to as "mechanical", and the one which was oxidized using sodium hypochlorite (NaClO 2 ) catalyzed with TEMPO will be referred to as "oxidized". Preparation of CNF based filter samples was done in the following way: CNF dispersions of 0.1% to 0.3% solid content were poured into Petri dishes, corresponding to basis weights of 10 g·m −2 . The solid content of the dispersion before freeze drying determines the density of the final filter sample. The samples were frozen at −25˚C and transferred to a vacuum dryer. Table 1 gives an overview of the CNF based filter samples.
By stirring the samples during the freezing procedure, the formation of large ice crystals was avoided, thus giving filters with more uniform pore sizes. By stirring, cracks due to unequal cooling throughout the sample structure were also avoided. Uneven pore size could still be observed between the fibrillar regions. A drop of diluted nanofibril suspension was deposited onto a Formvar-coated copper grid and left to dry at room temperature. The samples were prepared for field emission gun environmental scanning electron microscopy (FEG-ESEM) investigations. Pieces of the assessed samples were mounted on aluminum stubs using double-sided adhesive carbon tapes. The specimens were observed uncoated using a FEI Quanta 200 ESEM operating in low vacuum mode, and micrographs were acquired with an accelerating voltage ranging between 5 and 20 kV.
Filter Characterization
The aerosol filtration efficiency of the CNF-based filters was assessed using the experimental set-up shown in Figure 2 . The challenging particles were generated by nebulizing a NaCl solution (0.4% w/w) with a Collison atomizer [8] .
The nebulized droplets were then dried by means of a silica gel column and the aerosol was diluted and sent to the tested filter. The upstream and downstream particle number concentrations were measured by means of a scanning mobility particle sizer (SMPS), including a long differential mobility analyser (Grimm Aerosol Technik, L-DMA 5400) and a condensation particle counter (Grimm Aerosol Technik, mod. 5.403).
Filtration efficiency was calculated in each test by measuring upstream-downstream-upstream particle number concentration successively. The upstream particle number concentration considered was the average of the two measurements. Most of the generated particles had size below 100 nm and around half of them below 30 nm. The filtration face velocity for the proofs was set at 5.3 cm·s −1 to compare the CNF membrane performances with published data. The pressure drop across the filters were measured by means of a digital manometer (Testo 512 model), before and after each filtration test sessions, in order to evaluate filter clogging. 
Quality Factor
Filtration efficiency and pressure drop were both considered in the Quality Factor (QF) of the filter which is often used to evaluate the filtration performance of filters. QF is defined as [9] :
where ΔP is the pressure drop and E is the filter collection efficiency. Filters that exhibit high filtration efficiency, at a low pressure drop, are the most desirable ones. Therefore, larger values of QF indicate better filter quality.
Results and Discussion
Pressure Drop and Filtration Efficiency Measurements
Filtration efficiency measurements could not be performed for samples C2, C3 and T2, due to too high pressure drop values. Therefore, only samples C1 and T1 were considered. The collection efficiency is shown in Figure  3 . In the nanoparticle size range the oxidized sample T1 had higher filtration efficiency compared to the mechanical sample C1, at the same solid content. The Most Penetrating Particle Size (MPPS) was comparable for both samples (around 170 nm). The T1 sample shows the higher QF value, but the efficiency at MPPS is lower than that for the C1 sample. Table 2 shows an overview of pressure drop, collection efficiency and QF values of nanofibrous and multi-layer fibrous filters reported in literature. Only results for the best performing samples with a minimum of mixed sandwiched layers are reported. QF values reported in literature, at the face filtration velocity of 5.3 cm s −1 , range between 0.01 and 0.02 Pa. From Table 2 it can be observed that these values are comparable to those obtained with microfibrillated cellulose filters.
The filtration efficiencies of the CNF based filters are lower, but the pressure drop is also significantly lower, meaning that the filtration efficiency can be increased considerably by increasing the density of fibrils, and thus also the filtration efficiency.
Model Comparison
To assess the characteristics of CNF membrane as a potential new filtering material, a comparison was carried out between the theoretical and experimental behaviour of filters, made with 0.1% oxidized and mechanical CNF. There are several mechanisms by which particles can be filtered. They include interception, diffusion, impaction and electrostatic attraction [9] . The interaction of diffusion and interception is significant for nanofiber filters, so several models were considered to analyze both of the two phenomena. Three different parameters need to be considered in order to make a theoretical model: thickness (Z), solidity (α) and fiber diameter (df). The thickness values of the samples were measured by means of a caliber (±0.02 mm), while the solidity α was estimated according to:
where W is the mass of fibers per unit filter area (basis weight) and ρ f is the fiber material density [14] . Knowing W, ρ f , Z and measuring ΔP across the filter, the fiber diameter can be estimated from Davies' equation [14] :
( ) Table 3 shows the characteristic parameters of the T1 and C1 samples.
Using this model, effective fibres diameters of 955 nm and 857 nm were determined for the T1 and C1 samples, respectively. Most fibrils in the CNF dispersion had however diameters lower than 100 nm. Therefore, fibrils must have agglomerated into larger structures during drying, thus giving a higher average observed fiber diameter. Figure 4 shows the NaCl captured particles (white dots in the upper images) on the C1 sample. It can be seen that particles are preferably captured on small surfaces. The observed single fibril diameter shown in the bottom picture is around 270 nm. This value is lower than the effective fiber diameter (around 900 nm), since the latter considers the whole structural complexity of the filter, which also shows the presence of sheet-like structures and crossing fibrils. Therefore, the effective fibre diameter could be considered as an equivalent fiber diameter of the whole filter material (the smaller it is, the less the fibers agglomerate) which could be regarded as the effective fiber structure of the CNF membranes. A MATLAB code, based on Table 3 parameters, which takes into account several theoretical models [12] - [19] , was written to fit the experimental data. Better agreement between theoretical model predicted and experimental penetration values was obtained with the Payet's model for the filter T1, produced from oxidized CNF, (Figure 5 ). 
Conclusions
CNF based filters, prepared by using a freeze-drying technique, can lead to a new category of nanofiber structures, with low production costs and very compact structures, avoiding the need for extra layers to reinforce the filter strength.
The present study has explored the suitability of two different qualities of CNF as material in filters. The CNF samples were produced mechanically and with oxidation as pre-treatment giving different fibril structures. The filters were prepared by freeze drying CNF dispersions using different solid content of the initial dispersion.
Samples having solid content of 0.1% (C1 and T1) better preserved the fibrillar structure of the suspension compared to the samples having higher solid content (C2, C3, T2). The oxidized samples were more fibrillated and contained nanofibrils with relatively homogeneous fibril diameter distribution. All freeze-dried samples were rather porous, with pore diameters of roughly 100 μm [20] . For 0.2% and 0.3% initial suspension solid content, the dried samples presented a mixed structure containing fibrillar and sheet-like regions.
Particle collection efficiencies were measured by means of NaCl particles, mainly in the nanoparticle size range, for the filters prepared from dispersions of 0.1% solid content.
CNF samples with 10 g·m −2 basis weight and 0.1% solid content showed QF values comparable with polymeric nanofibrous materials at the face filtration velocity of 5.3 cm·s −1 . Both CNF qualities could be used to prepare filters with good performance; however, the filter based on oxidized CNF (T1) showed the best QF value.
For filtration applications, the computation of the effective fibre diameter, using the Davies' equation, could be used to verify the agglomeration grade of the fibrils in the filter. In addition, it can be used to predict the most particle penetration region using the Payet's theoretical model.
